We report x-ray excited optical luminescence (XEOL) from one-dimensional nanostructures of ZnO excited with photon energies across the Zn K-edge. The optical luminescence shows an UV and a green emission band characteristic of near band edge and defect emission, respectively. The optical channels were used in turn to monitor the Zn K-edge XAFS to high k values. The densities of states of oxygen character in the valence band were also studied with x-ray emission spectroscopy (XES). The Zn K-edge decay dynamics was examined with time-resolved x-ray excited optical luminescence.
INTRODUCTION
The rich morphology of ZnO nanostructures, from simple nanowire [1] to complex tetrapod [2] , has drawn considerable attention. In addition to its potential application in optoelectronics, ZnO nanostructures also show promise for the development of nanolasers [2] . Recently, we contributed several new members to this incredible family [3] . Remarkably, these structures are distinct in their x-ray excited optical luminescence (XEOL) and exhibit anisotropic emission with O K-edge excitation [4] . Here, we report XEOL results from two nanostructures, a nearly-perfect nanoneedle (NN) single crystal and a defect-filled nanowire (NW), with excitations at the Zn K-edge in both energy and time domain. Time-resolved x-ray excited optical luminescence (TRXEOL) [5, 6] uses the time structure of the storage ring (APS top-up: 100 ps pulses and 153 ns repetition rate).
A ZnO (0001) single crystal was also studied for comparison. In addition, we also show that XEOL and XES (x-ray emission) can be used for nanostructure studies. Fig. 1 shows the schematic for XEOL and XES in semiconductor or insulator. Upon the absorption of x-rays, electrons in all core and valence levels accessible will be excited to a previously unoccupied bound (resonance), quasi-bound (multiplescattering) or continuum (ionization) state. The decay of the corehole and secondary processes result in electrons in the conduction band and holes in the valence band or in the traps in the band gap. These e-h pairs can recombine radiatively emitting optical photons. For shallow core levels, the fluorescence decay involves electrons from the valence band, providing densities of states information if the fluorescence x-ray is measured with a high resolution monochromator (XES).
EXPERIMENTAL
The preparation of the ZnO NN and NW was described recently [3] . Fig. 2 shows the near-perfect surface of the NN compared with the rough surface of NW in high resolution TEM images. ZnO (0001), a ~ 5 x 5 x1 mm crystal was obtained commercially. XEOL and TRXEOL experiments were conducted at the PNC-XOR of the Advanced Photon Source at Argonne National Laboratory as described previously [7] . XES was obtained at BL8 of the Advanced Light Source at Lawrence Berkeley National Laboratory. Fig. 3 shows the time-gated XEOL from NN and NW with fast and slow time windows together with the un-gated XEOL from the ZnO (0001) single crystal. It is apparent from Fig. 3 that there is a narrow near band-gap emission at ~ 383 nm followed by a broadband defect emission peaked at ~ 489 nm and ~541 nm for all specimens. However, the branching ratio varies dramatically with the ZnO NN having the most intense near band-gap emission and the ZnO (0001) single crystal the least. Time-gated results indicate that the near band-gap emission is very fast while the broadband emission is relatively slow as confirmed by the decay curves of the ZnO NN shown in Fig. 4 where the ~ 383 nm decay is faster than our time resolution (~ 2 ns, mainly determined by the PMT). Note that there is a blue shift relative to the bulk attributable to quantum size effect. The slower decay at 486 nm shows a single exponential behavior except at the first 10-20 ns. This behavior is consistent with a recent observation [4] . More information awaits better statistics and detailed analysis. Qualitatively, the slow decay almost certainly results from effective energy transfer from the super excited state to the chromophore, the defect luminescence center. We now examine the optical XAFS, the XAFS monitored with a selected optical emission (Fig. 5) . We see from Fig. 5 that the XAFS in PLY for ZnO(0001) is inverted (same for the un-gated spectra). This inversion is due to saturation effects for a thick crystal [5] . At the Zn K-edge, new de-excitation a) channels (fluorescence and Auger) turn on, allowing some energy to escape the surface without contributing to the radiative de-excitation optical channel [5] .
RESULTS AND DISCUSSION
We now compare the ZnO(0001) optical XAFS with those of ZnO NN and ZnO NW where the most intense emission, band-gap and defect luminescence, respectively was used to monitor the XAFS. The ZnO NN and ZnO NW optical XAFS exhibit normal, nearly identical XANES, indicating that the specimens are thin and the energy absorbed is effectively transferred to the chromophore. Thus PLY is proportional to the absorption coefficient.
Finally, we propose that XEOL and XES ( Fig.1 ) are connected and can be investigated simultaneously. The questions of interest are (i) where the electrons and the holes are when they recombine radiatively and (ii) what the effect of a RIXS (resonant inelastic x-ray scattering) final state is on the optical de-excitation channel. We will attempt to answer these questions experimentally. For now we show in Fig.7 the XES and XANES at the O K-edge for some of the ZnO nanostructures. Note that powder and NP samples used in the measurement are close in behavior to those of ZnO bulk and ZnO NN respectively. Fig. 7 shows that the densities of states above and below the band gap are essentially the same for the bulk ZnO (0001) crystal and the nanostructures with a slight narrowing in the latter. The narrow densities of states of the valence band are consistent with a sharp near band-gap luminescence. It will be of great interest to monitor the RIXS and the XEOL simultaneously, and as a function of temperature.
